The A and B chains of insulin combine to form native disulfide bridges without detectable isomers. The fidelity of chain combination thus recapitulates the folding of proinsulin, a precursor protein in which the two chains are tethered by a disordered connecting peptide. We have recently shown that chain combination is blocked by seemingly conservative substitutions in the C-terminal ␣-helix of the A chain. Such analogs, once formed, nevertheless retain high biological activity. By contrast, we demonstrate here that chain combination is robust to non-conservative substitutions in the Nterminal ␣-helix. Introduction of multiple glycine substitutions into the N-terminal segment of the A chain (residues A1-A5) yields analogs that are less stable than native insulin and essentially without biological activity.
Insulin is a globular protein containing two chains, A (21 residues) and B (30 residues). The monomer in solution (1, 2) resembles the crystallographic T-state (3), an ␣-helix-rich structure stabilized by three disulfide bridges (Fig. 1A) . The hormone is generated in vivo by proteolytic processing of a single-chain precursor, proinsulin (4) . Folding proceeds via a preferred disulfide pathway (5, 6) . A peptide model is provided by combination of isolated A and B chains. This reaction, designated insulin chain combination, yields native disulfide pairing (7) . The absence of disulfide isomers demonstrates that specific folding information resides within the isolated chains (8) . Two non-native isomers have been prepared by directed chemical synthesis (9) . That such isomers are metastable (converting to insulin in the presence of base; Ref. 9) suggests that the native structure represents the ground state in a space of competing monomeric folds (10) . Whereas chain combination has enabled the synthesis of many novel insulin analogs (11) , including the first commercial recombinant DNA human insulin (12, 13) , disulfide pairing can be blocked by specific amino acid substitutions (14, 15) . Marked variations in yield of biosynthetic expression of variant single-chain precursor polypeptides have also been observed in engineered strains of Saccharomyces cerevisiae (16) . Because the mechanism of folding is not well characterized, it is not known in either case why some analogs are readily prepared while others are not.
We have recently shown that Leu A16 makes an essential contribution to the efficiency of insulin chain combination (15) . Invariant among vertebrate insulins and insulin-like growth factors (Refs. 3 and 17; see arrow in Fig. 1B ), Leu A16 projects between A and B chains to anchor the C-terminal ␣-helix (Fig.  1C) . Its structural environment is constrained on opposite sides by the internal disulfide bridges of the protein (A6 -A11 and A20 -B19) and is otherwise bounded by the conserved side chains of Ile A2 , Tyr A19 , Leu B11 , and Leu B15 (3) . Non-polar substitutions (Ile A16 , Val A16 , and Phe A16 ) were shown to impair disulfide pairing and perturb the thermodynamic stability of the hormone. Once formed, however, A16 analogs retain substantial receptor binding activity, suggesting that Leu A16 does not itself contact the receptor 1 (15) . A complementary approach toward dissecting determinants of disulfide pairing is provided by "protein undesign": segmental destabilization of discrete structural elements (18) . In this article we investigate whether the N-terminal ␣-helix of the A chain is necessary for the success of chain combination. Inspection of crystal structures suggests that this helix is an integral component of the insulin fold (3) . Introduction of multiple glycine substitutions into the A1-A5 segment (highlighted in red in Fig. 1B ) yields analogs that are inactive and less stable than native insulin. Such substitutions shave side-chain contacts and attenuate helical propensities (19) . Glycine substitutions are studied in the context of a variant B chain designed to prevent formation of insulin dimers and hexamers. The engineered monomer (designated DKP-insulin) exhibits enhanced stability and activity (20 -22) . To correlate synthetic yields with structure, circular dichroism (CD) 2 and two-dimensional 1 H NMR studies of a representative analog lacking invariant side chains Ile A2 and Val A3 (A chain sequence GGGEQC-CTSICSLYQLENYCN; substitutions underlined and cysteines in bold) are presented.
We demonstrate that chain combination is robust to multiple glycine substitutions in the N-terminal segment of the A chain and thus that this segment does not participate in the transition state of the pairing reaction. The solution structure of [Gly A2 ,Gly A3 ]DKP-insulin exhibits local unfolding of the A1-A5 segment in an otherwise native-like structure. Although the supersecondary structure of the B chain is not significantly perturbed by the variant A chain, conformational broadening of amide resonances is reduced relative to DKP-insulin. These observations suggest that packing of the native A1-A8 ␣-helix influences the time scale of fluctuations in the B chain. Noncooperative detachment of the A1-A5 segment is in accord with the modular partial folds of populated disulfide intermediates in the oxidative folding pathway of proinsulin (1, 6, 18) and insulin-like growth factors (23, 24) . Although of critical importance in receptor recognition (1, 5, (25) (26) (27) , the N-terminal ␣-helix of the A chain plays a peripheral role in the specification of disulfide pairing. Hierarchical folding of structural elements (28, 29) may enable discrete surfaces of insulin to reorganize independently on receptor binding (27, 30, 31) .
EXPERIMENTAL PROCEDURES
Materials-4-Methylbenzhydrylamine resin (0.6 mmol of amine/g; Star Biochemicals, Inc.) was used as solid support for synthesis of A chain analogs; (N-butoxycarbonyl,O-benzyl)-threonine-PAM resin (0.56 mmol/g; Bachem, Inc.) was used as solid support for synthesis of the DKP B chain analog. tert-Butoxycarbonyl-amino acids and derivatives were obtained from Bachem and Peninsula Laboratories; N,NЈ-dicyclohexylcarbodiimide and N-hydroxybenzotriazole (recrystallized from 95% ethanol) were from Fluka. Amino acid analyses of synthetic chains and insulin analogs were performed after acid hydrolysis; protein determinations were carried out by the Lowry method using native insulin as standard. Chromatography resins were pre-swollen microgranular carboxymethylcellulose (Whatman CM52), DE53 cellulose (Whatman), and Cellex E (Ecteola cellulose; Sigma); solvents were high performance liquid chromatography (HPLC)-grade.
Synthetic Procedures-Six insulin analogs were prepared by solidphase synthesis (Ref. 32; Table I ). Crude S-sulfonated A chains were purified by chromatography on a Cellex E column (1.5 ϫ 47 cm) as described (14, 33) , dialyzed against distilled water, and lyophilized to yield purified A chain S-sulfonate analogs. Crude S-sulfonated DKP B chain was likewise purified on a cellulose DE53 column (1.5 ϫ 47 cm), dialyzed and lyophilized. Chain combination was implemented by the method of Chance and colleagues (12) for 24 h in 0.1 M glycine (pH 10.6) at 4°C using S-sulfonate-modified A and B chains as described (14) . Concentrations of A and B chains were 1.2 and 0.4 mM, respectively; a molar excess of A chain favors A-B pairing (relative to B chain aggregation) and compensates for formation of cyclic A chains. S-Sulfonate modification enhances peptide solubility and renders peptides refractory to disulfide chemistry. Specific A-B pairing is initiated by addition of dithiothreitol in quantity stoichiometric to the concentration of Ssulfonate groups. Relative yields are given in Table II . In a mock chain-combination reaction lacking the A chain, 10% of the B chain mass remained as HPLC-recoverable monomers after 24 h, whereas 60% was sedimented by microcentrifugation; in a mock reaction lacking 2 The abbreviations used are: CD, circular dichroism; DG, distance geometry; RMD, restrained molecular dynamics; DKP-insulin, monomeric insulin analog containing three substitutions in the ).
B chain, the oxidized A chains remained soluble and recoverable by reverse-phase HPLC (RP-HPLC).
Protein Purification-Insulin analogs were isolated from the combination mixture as described (14, 33) and purified on a 0.9 ϫ 23-cm carboxymethylcellulose chromatography and RP-HPLC on a Vydac 218 TP column (0.46 ϫ 25 cm); the latter used a flow rate of 0.5 ml/min with 20 -80% linear gradient of 80% aqueous acetonitrile containing 0.1% trifluoroacetic acid over 80 min. Re-chromatography of this material on RP-HPLC under the same conditions in each case gave a single sharp peak. Amino acid analyses and mass spectrometry in each case gave expected values. The purity of the insulin analogs was in each case greater than 98% as evaluated by analytical reverse-phase HPLC. Electrospray mass spectra revealed no anomalous molecular masses as contaminants.
Disulfide Pairing-Native disulfide pairing of Gly A3 -insulin was determined by x-ray crystallography in an R 6 zinc hexamer. 3 Native disulfide pairing of G3-DKP-insulin was verified by two-dimensional NMR spectroscopy as follows. A native-like nuclear Overhauser effect (NOE) on the protein surface is observed between the ␤ proton of Cys ]human insulin was purchased from Amersham Biosciences. Receptor binding assays were performed as described (34) with minor modifications. Human placental cell membranes were prepared (35) , stored at Ϫ80°C in small aliquots, and thawed prior to use. Membrane fragments (0.025 mg of protein/tube) were incubated with 125 I-labeled insulin (ϳ30,000 cpm) in presence of selected concentrations of unlabeled peptide for 18 h at 4°C in a final volume of 0.25 ml of 0.05 M Tris-HCl and 0.25% (w/v) bovine serum albumin at pH 8. Subsequent to incubation, each mixture was diluted with 1 ml of ice-cold buffer and centrifuged (10,000 ϫ g) for 5 min at 4°C. The supernatant was then removed by aspiration, and the membrane pellet counted for radioactivity. Data were corrected for nonspecific binding (amount of radioactivity remaining membrane-associated in the presence of 1 M human insulin). Each determination was performed with three or four replicates (see Table I ); values are reported as mean and standard deviation.
Circular Dichroism-Far-ultraviolet (UV) CD spectra of each analog were obtained using an Aviv spectropolarimeter equipped with thermister temperature control and automated titration unit for guanidine denaturation studies. CD samples for wavelength spectra contained 25-50 M insulin analog in (a) 50 mM KCl and 10 mM potassium phosphate (pH 7.4) or (b) 100 mM KCl and 10 mM glycine (pH 10.5); samples were diluted to 5 M for equilibrium denaturation studies. Data were obtained at 4°C unless otherwise indicated.
Thermodynamic Stabilities-Guanidine denaturation data were fitted by non-linear least squares (36) . In brief, CD data were fitted to Equation 1.
x is the concentration of guanidine hydrochloride, and Table II ). Although this situation can be associated with an underestimate of stability (19) , a lower m value may reflect greater exposed hydrophobic surface in absence of denaturant in accord with NMR studies of 3G analog.
NMR Spectroscopy-Samples were prepared in 50 mM KCl and 10 mM potassium phosphate (pH 7.0) or 20% v/v deuterated acetic acid (pH 1.9) as described (1). Sequential assignment was obtained at 600 MHz based on homonuclear double-quantum-filtered correlated spectroscopy (DQF-COSY), total correlation spectroscopy (mixing time 55 ms), and NOESY (mixing times 100 and 200 ms) experiments in D 2 O and 90% H 2 O. NOE restraints were classified as strong (Ͻ2.7 Å), medium (Ͻ3.4 Å), or weak (Ͻ4.3 Å) as described in the supplemental material (available in the on-line version of this article). Distance geometry (DG)/ simulated annealing calculations were performed using the program DG-II; restrained molecular dynamics (RMD) calculations were performed using X-PLOR.
RESULTS
To test the importance of residues A1-A5 in chain combination, successive glycine substitutions were introduced as underlined (analogs 1G-5G): 1G, GIVEQCCTSICSLYQLENYCN (wild type); 2G, GGVEQCCTSICSLYQLENYCN; 3G, GGG-EQCCTSICSLYQLENYCN; 4G, GGGGQCCTSICSLYQLE-NYCN; 5G, GGGGGCCTSICSLYQLENYCN.
A variant A chain containing the single substitution Val A3 3 Gly (similar to that described by Kaarsholm and co-workers (Ref. 26)) was also prepared. To avoid possible confounding effects of insulin assembly, studies employ the "DKP" B chain (see caption to Table I ) to obtain engineered monomers (1, 21) . The DKP B chain combines with the wild-type A chain with native efficiency. Surprisingly, despite the non-conservative glycine substitutions, combination of variant A chains 2G-5G in each case retains essentially native yield (column 2 in Table  II ). As expected (25) , the resulting analogs are essentially without biological activity (receptor binding affinities Ͻ 0.2% relative to human insulin; Table I ).
CD spectra of DKP-insulin analogs 2G-5G exhibit decreased ␣-helix content as illustrated in Fig. 2A . The far UV spectrum of [Gly A2 ,Gly A3 ]DKP-insulin (3G-DKP-insulin; diamonds in Fig. 2A ) differs from that of DKP-insulin (solid line) in the magnitude of helix-associated deflections at 195 and 222 nm and in the ratio of ellipticities at 208 and 222 nm. Respective values of mean residue ellipticity at 222 nm suggest helical unfolding of 6 -9 residues. The extent of helical attenuation is similar among each of the 2G-5G analogs 5 ; the spectrum of 3 G. D. Smith, S. Nakagawa, H. S. Tager, and M. A. Weiss, manuscript in preparation. 4 Insulin chain combination in each case was observed to generate a unique product and not a mixture of isomers, which typically exhibit very different HPLC mobilities (10) . To our knowledge, in no instance have mutations in insulin caused mispairing in synthesis. Gross substitution of the entire insulin B chain by the B domain of insulin-like growth factor I (IGF-I) yields native and non-native isomers in equilibrium (57) in accord with the anomalous refolding properties of IGF-I (49, 50). 5 Unlike the 2G-5G series, the CD spectrum of Gly A3 -DKP-insulin exhibits only a small decrement in helix content ([] 222 value approximately midway between its values in DKP-insulin and 3G-DKP-insulin) in accord with NMR studies of a related analog (see "Discussion" and Ref. 26 ). Table II ).
5G-DKP-insulin is shown in Fig. 3B . Because CD does not resolve specific sites of structural perturbation, the solution structure of 3G-DKP-insulin was investigated by 1 H NMR spectroscopy (1) . The one-dimensional 1 H NMR spectrum of the analog is shown in Fig. 4 in relation to that of DKP-insulin. Native and variant spectra exhibit similar non-random dispersion of chemical shifts. Such similarity suggests that the analog retains a folded overall structure but does not exclude segmental destabilization and/or small distributed perturbations. To obtain residue-specific probes, complete sequential assignment was obtained at neutral pH and in 20% v/v deuteroacetic acid by homonuclear two-dimensional NMR methods (see supplemental material, available on-line). Main-chain d ␣N connectivities are delineated in the fingerprint region of the NOESY spectrum (Fig. 5, A and B, respectively) . These and other connectivities are outlined in Wü thrich format in Fig. 6 ; the A chain (upper panel) is notable for the absence of helix-related connectivities between A1 and A8, whereas the B chain (lower 
a Yield is defined following purification of analogs by CM-cellulose chromatography. Values pertain to chain combination at basic pH and are provided in both sections A and B for the convenience of the reader. In control synthesis of DKP-insulin a mixture of 60 mg of A chain-S-sulfonate and 30 mg of DKP B chain-S-sulfonate yields 12 mg of monocomponent DKP-insulin.
b ⌬G u (kcal/mol) indicates apparent change in free energy on denaturation in guanidine-HCl as extrapolated to zero denaturant concentration by a two-state model (36) .
c ⌬⌬G u (kcal/mol) indicates difference in ⌬G u values relative to parent structure (DKP-insulin or human insulin). Uncertainties in two-state fitting parameters do not include possible systematic error due to non-two-state behavior.
d C Mid is defined as that concentration of guanidine-HCl at which 50% of the protein is unfolded. e The m value is the slope obtained in plotting unfolding free energy ⌬G u versus molar concentration of denaturant; in some cases this slope may be proportional to the protein surface area exposed on unfolding.
f Lack of sigmoidicity in transitions makes uncertain fitting of pre-transition base line; only upper bounds to stability have been estimated (6).
FIG. 2. Structure and stability of 3G-DKP-insulin.
A, far-UV CD spectrum of 3G-DKP-insulin (छ) exhibits a lower helix content than does native DKP-insulin (solid line); spectra obtained at 20°C and pH 7.4. B, guanidine unfolding transition of 3G-DKP-insulin at 4°C (छ) is shifted to the left relative to DKPinsulin (solid line), indicating decreased thermodynamic stability (see Table I ). Ellipticities ( 222 ; arbitrary units) are not normalized per residue. C, solution structure of 3G-DKP-insulin (stereo pair) exhibits unfolding of residues A1-A5 in an otherwise native-like partial fold. A chain residues A1-A8 are shown in red and A9 -A21 in black; the B chain is shown in blue. An ensemble of 20 DG/RMD structures is shown; restraint information and statistical parameters are given in Table IV. panel) exhibits native secondary structure (1). Although overall patterns of secondary shifts (deviations from random-coil values) are similar in 3G-DKP-insulin and DKP-insulin, widespread small perturbations are observed throughout the protein (Table III) . Resonances of residues A1-A4 exhibit motional narrowing, similar in extent to that of terminal B chain residues B1, B2, B29, and B30.
The three-dimensional structure of 3G-DKP-insulin was defined by analysis of inter-residue NOEs. Such analysis demonstrates that spatial relationships characteristic of native insulin are largely retained in the variant; inter-residue NOEs are shown by diagonal plot in Fig. 5C (DKP-insulin) and Fig. 5D (3G-DKP-insulin). In these plots contacts between main-chain atoms are shown at upper left (relative to the diagonal) whereas contacts involving side chains are shown at lower right. Retained features include maintenance of native-like B chain super-secondary structure and C-terminal A chain ␣-helix (A13-A19). Despite such similarities, the variant lacks local ␣-helix-specific NOEs in the A1-A8 segment (asterisks in Fig.  5 , C and D) and long range NOEs between this segment and other parts of the insulin molecule (box c). Of particular note is the absence of NOEs from residues A2 and A3 to either the C-terminal ␣-helix (Leu A16 or Tyr A19 ) or C-terminal B chain ␤-strand (residue Tyr B26 ). Retained in the variant are other native-like NOEs between chains, including His B5 -Ile A10 and Leu B15 -Tyr A19 . The B5-A10 contact constrains the N-terminal segment of the B chain along the surface of the A chain, whereas the B15-A19 contact reflects internal helix-helix packing.
The observed inter-residue NOEs, selected dihedral, and hydrogen-bond-related restraints (Table IV; see "Experimental Procedures") were used to obtain an ensemble of structural models by distance geometry and restrained molecular dynamics (DG/RMD). Coordinates have been deposited with the Protein Data Bank (accession code 1LKQ). In accord with qualitative features of the NMR spectrum, 3G-DKP-insulin exhibits segmental unfolding of the N-terminal ␣-helix of the A chain in an otherwise native-like fold (Fig. 2C) . DG/RMD models thus rationalize the attenuated CD spectrum of the analog (Fig. 2A) . Similarities among CD spectra of 2G-5G analogs suggest that such segmental destabilization is shared by this series of mutant insulins. The partial hydrophobic core of 3G-DKP-insulin is similar to that of DKP-insulin and native insulin (Fig. 7) . Despite detachment of the A1-A5 segment, the majority of core side chains remain inaccessible to solvent (Table V, part B) . Thus, although native internal packing of Ile A2 is absent, desolvation of the remaining core is achieved by specific packing among the side chains of Leu A16 , Tyr A19 , Leu B6 , Leu B11 , Leu B15 , Val B18 , and Phe B24 in relation to internal cystines A6 -A11 and A20 -B19 (Fig. 7A) . Exposure of side chains in the N-and C-terminal segments of the B chain is enhanced by destabilization of their interface with the A chain. Enhanced   FIG. 3 . Effect of pH on CD-detected structure and stability. A, far-UV CD spectra of DKP-insulin at pH 7.4 (line) and 10.5 (E) at 4°C. B, spectra of 5G-DKP-insulin at pH 7.4 (OE) and 10.5 (‚) relative to DKP-insulin at pH 7.4 (line) at 4°C. C, guanidine denaturation studies of DKP-insulin at pH 7.4 (q) and 10.5 (E) at 4°C. D, guanidine denaturation studies of 5G-DKP-insulin at pH 7.4 (OE) and 10.5 (‚) at 4°C. Inferred thermodynamic parameters are given in Table II . exposure of hydrophobic atoms at these interfaces is in accord with the lower m value obtained in two-state fitting of guanidine denaturation studies (Table II, 
FIG. 4. Comparison of one-dimensional 1 H NMR spectra of 3G-DKP-insulin (A) and DKP-insulin (B) in aqueous solution

column 6; see above).
A qualitative difference between 3G-DKP-insulin and DKPinsulin is apparent from inspection of one-dimensional 1 H NMR spectra (Fig. 4) . Whereas DKP-insulin (like native insulin) exhibits significant variation in amide line widths, such resonances in the variant are in general sharper and more uniform. 6 Such narrowing occurs in the folded moiety (as illustrated in Fig. 4 for the downfield amide resonance of Cys A11 ) and so is not a consequence of conventional motional narrowing. Rather, whereas amide line widths are anomalously broadened in DKP-insulin, those of 3G-DKP-insulin are more uniformly appropriate given the rotational correlation time of a small globular protein. Hence, DQF-COSY H N -H ␣ cross-peaks in the B9 -B19 and A13-A19 helices, essentially unobservable in DKP-insulin because of antiphase cancellation (37) , are largely present in the spectrum of 3G-DKP-insulin. Similar trends in amide line widths were observed in comparative studies of insulin and a fragment lacking residues B26 -B30 (des-pentapeptide[B26 -B30]insulin (DPI); Refs. 38 and 39). We ascribe the "improved" NMR features of 3G-DKP-insulin and DPI to more complete averaging of chemical shifts as a result of fast exchange among conformational substrates (see "Discussion").
Thermodynamic stabilities of 3G-DKP-insulin and related glycine analogs were evaluated by CD-detected guanidine titrations at pH 7.4 and 10.5 (Figs. 2B and 3D) . Analysis by the two-state formalism (36) in each case indicates decreased stability (column 3 in Table II ). At neutral pH (Table II, part A) 2G-, 3G-, and 4G-DKP-insulin are each ϳ2.0 kcal/mol less stable than DKP-insulin; 5G-DKP-insulin is ϳ 2.4 kcal/mol less than DKP-insulin (Table II, enhances the stability of an insulin monomer (22) , the 5G A chain was also combined with the wild-type B chain. Like 5G-DKP-insulin, 5G-insulin is ϳ2.4 kcal/mol less stable than its parent structure (insulin). Guanidine denaturation studies at pH 10.5 correspond to the conditions of insulin chain combination (Table II, stable at basic pH than at neutral pH. Under these conditions their CD spectra exhibit a small perturbation (11% decrement in mean residue ellipticity at 222 nm; Fig. 3A ) consistent with partial helical instability (40) . Thermodynamic decrements caused by the glycine substitutions remain significant at pH 10.5 (⌬⌬G u 0.4 -0.7 kcal/mol; column 4 in Table II , part B) but are less marked under these conditions than at neutral pH. Attenuation of these thermodynamic differences at pH 10.5 reflects the robustness of the glycine analogs to base-induced destabilization; the 3G-5G analogs are in fact more stable at pH 10.5 than at pH 7.4 ( Fig. 3D and Table II) . CD spectra of these analogs are unperturbed by basic pH (Fig. 3B) ; similar helical attenuation is observed at pH 7.4 (filled triangles) and pH 10.5 (open triangles) relative to DKP-insulin (solid line). Insensitivity of the 3G-5G analogs to further helical attenuation at basic pH suggests that the corresponding perturbation of insulin and DKP-insulin is the result of loosening of the A1-A8 ␣-helix. Instability of this helix under conditions of chain combination is consistent with the native pairing yields of the 2G-5G analogs. Unlike at neutral pH, the 3G-5G m values obtained at pH 10.5 are similar to those of insulin and DKP-insulin (column 6 of Table II , part B).
DISCUSSION
Insulin contains three ␣-helices, one in the B chain and two in the A chain (Fig. 1A) . Inspection of crystal structures suggests that the N-terminal A chain ␣-helix (residues A1-A8) is integral to the insulin fold (3). This conserved amphipathic ␣-helix (sequence GIVEQCCT; Fig. 1B) Fig. 1C ). The low activities of analogs containing substitutions or chemical modifications at residues A1-A3 suggest that these residues contact the insulin receptor (1, 16, 25, 41) . The present study of multiple glycine substitutions in the N-terminal A chain ␣-helix extends a previous NMR study of a Gly A3 variant of a monomeric insulin analog by Kaarsholm and colleagues (26) . The monomeric B chain template contained four modifications (Glu B1 , Glu B10 , Glu B16 , Glu B27 , and des-B30) and so differs from the DKP template employed here. The Gly A3 analog was shown to retain a native-like fold with subtle perturbations to the structure and stability of the A1-A8 helix. Unlike the present structure of 3G-DKP-insulin, the Gly A3 variant retains close contacts between a partially ordered A1-A8 helix and the C-terminal B chain ␤-strand (26) . Here, we have employed multiple glycine substitutions to induce a gross perturbation to this helix and effect its detachment. Such "undesign" was motivated by our recent study of Ala A2 -DKP-insulin, wherein loss of critical packing interactions involving Ile A2 was found to destabilize the N-terminal A chain segment (42) . These observations raised the question of whether this segment, seemingly so integral to the structure of insulin, contributes to the mechanism of disulfide pairing.
The solution structure of 3G-DKP-insulin is remarkable for detachment of the A1-A5 segment in an otherwise native-like fold. By conventional criteria of sensitivity and resolution, the quality of the variant spectra is superior to that of DKP-insulin or native insulin (1, 39) . This "improvement" (a seeming paradox in light of the partial fold of the analog and its very low activity) reflects a reduction in the extent of anomalous broadening otherwise characteristic of insulin and insulin analogs (43, 44) . Because the amide line widths of 3G-DKP-insulin are appropriate for a small globular protein, less extensive anti- Table V. phase cancellation is observed in DQF-COSY spectra (37) and more efficient total correlation spectroscopy transfer is achieved. Similar technical improvement in NMR quality was observed on deleting residues B26 -B30 in NMR studies of DPI (38, 39) . We suggest that the detached (A1-A5) or deleted (B26 -B30) elements are coupled to non-local motions in the core of insulin; in native insulin and DKP-insulin, the millisecond time scale of such motions leads to incomplete averaging of NMR chemical shifts ("conformational broadening"; Refs. 43 and 44). We surmise that, in the absence of these "damping" elements, such motions are accelerated into the microsecond time regime, leading to more complete averaging of chemical shifts. Uniform amide line widths are also observed in NMR studies of R 6 insulin hexamers, presumably because their assembly damps such slow motions and restricts the range of accessible conformations (45) .
Insulin chain combination is severely impaired by selected substitutions and chemical modifications in the C-terminal segment of the A chain (15, 46) . Like the N-terminal A chain ␣-helix of the A chain, the C-terminal helix (residues A13-A19) is amphipathic (LYQLENY; Leu A16 underlined) and seemingly integral to the structure of insulin (3) . Whereas alanine substitutions at positions A12-A15 and A17 are functionally well tolerated (16), the para hydroxyl group of Tyr A19 is solvent exposed and proposed to contact the receptor (3). The C-terminal helix is anchored to the hydrophobic core by Leu A16 (underlined above), which packs between A and B chains near internal disulfide bridges A6 -A11 and A20 -B19 (Fig. 1C) . Substitution of Leu A16 by alanine (16) or valine 7 causes an essentially complete block to biosynthetic expression of a single-chain insulin precursor in yeast. In chain combination substitution of Leu A16 by valine or phenylalanine impedes disulfide pairing by at least 25-fold (15) . Inefficient pairing is not caused by accelerated off-pathway events such as formation of disulfide isomers (9, 10) or variant A chain polymers. Despite such low yields, the brute force of mass action enabled Val A16 -and Phe A16 -DKP-insulin analogs to be obtained in quantities small but sufficient to demonstrate that these substitutions are consistent with substantial receptor binding activity (40% relative to insulin). Although "unfoldable" A16 analogs exhibit attenuated ␣-helix content and reduced stability (15) , these perturbations seem similar in extent to those observed among the present N-terminal glycine series. We speculate that Cterminal A chain packing interactions contribute to the stability of both the native and transition states, whereas N-terminal structure is absent or inessential in the transition state.
Insulin chain combination is typically implemented at pH values between 9.5 and 11 (the present studies employ 0.1 M glycine at pH 10.6). Such basic pH leads to deprotonation of thiolate moieties and enhances yield by limiting aggregation of reduced B chains, a competing off-pathway process that is extremely rapid at pH values less than 8.6, the pK a of cysteine. Aggregation of B chains also occurs at pH 10.6 but its rate is similar to that of chain combination, enabling isolation of insulin and insulin analogs. We may view relative yields among 7 Y.-M. Feng, personal communication. the 2G-5G series as reflecting kinetic competition between disulfide pairing and B chain aggregation, which defines a common clock in each reaction. The five A chains tested (Table  I) are equally effective in this competition. The success of these syntheses may also have been facilitated by the robustness of these analogs to base-induced perturbation in structure or stability. The partial folds of the 3G-5G analogs are resistant to further unfolding at pH 10.5, and their stabilities are somewhat higher than at neutral pH. Relative contributions of kinetic guidance versus end product stability to the yield of chain combination have not been defined. These observations have potential implications for how proinsulin folds (47) . Like chain combination, the yield of proinsulin folding is also enhanced at pH 9.5-11 because of reduced aggregation of unfolded and partially folded species (4, 48) . Redox-coupled folding mechanisms of a single-chain proinsulin analog (porcine insulin precursor; PIP) and IGF-I are notable for populated one-and two-disulfide intermediates identified by peptide mapping (5, 49, 50) . A key role is played in each case by formation of cystine A20 -B19 (or IGF-I homolog 18 -61). Whereas in the IGF-I pathway this is the only one-disulfide species to accumulate, cystine A20 -B19 is formed in PIP by parallel branches (i.e. either before or after formation of A6 -A11; Fig. 8A ). Local pairing of A6 -A11 is thought to be peripheral to the initial conformational search (6) . We propose that cystine A20 -B19, uniquely among the disulfide bridges of proinsulin, forms part of a specific folding nucleus 8 (SFN; Refs. 6, 23, 24, and 51). Insulin analogs containing pairwise cysteine substitutions have previously been characterized as peptide models of such populated intermediates (1, 6, 18) . Although these analogs are flexible, their predominant conformational features suggest that formation of the A20 -B19 disulfide bridge is directed by a cluster of surrounding non-polar side chains (Fig. 8, B and C) . Native-like interactions are observed involving the central B chain ␣-helix (Leu B11 and Leu B15 ), B chain ␤-strand (Phe B24 ), and C-terminal A chain ␣-helix (Leu A16 and Tyr A19 ). In the absence of either cystine A6 -A11 or A7-B7, the N-terminal segment of the A chain is not well ordered (dashed lines in Fig. 8, B and C) , suggesting that its ␣-helical folding is modular and occurs late in the pathway.
Conformational features of two-disulfide analogs suggest that nascent structure in the B chain provides a template for folding of the A chain in a hierarchical process. We interpret the present results from a kinetic perspective. The contrasting effects of N-and C-terminal A chain substitutions on chain combination provide evidence for the existence of a polarized transition state (52) ensemble leading to formation of cystine A20 -B19. Because the proposed SFN containing cystine A20 -B19 represents the first stable substructure to appear, mutations that destabilize this substructure are also likely to destabilize the transition state. We imagine that packing of Leu A16 assists in orienting Cys A20 and Cys B19 for proper disulfide pairing. In such a mechanism, modular detachment of the A1-A5 segment among the 2G-5G analogs would destabilize the native state but permit efficient disulfide pairing. We imagine that off-nucleus contacts involving this segment are optional in the polarized transition state and so may be bypassed. N-terminal analogs, although less stable than native insulin, are thus readily prepared. The proposed mechanism, although speculative, would rationalize why it is possible to achieve efficient biosynthetic expression and folding of PIP variants containing pairwise substitution of either "off-nucleus" cystine (A6 -A11 or A7-B7) but not of cystine A20 -B19 9 (53) . Likewise, syntheses of two-disulfide insulin analogs lacking either cystine A6 -A11 or A7-B7 (Fig. 8, B and C) were accomplished with high yield (1, 6) . Efficient pairing of such analogs seems remarkable in light of their marked instabilities (rows 9 and 10 in Table II, part A) .
Testing the hypothesized mechanism of folding will require thermodynamic studies of proinsulin analogs in parallel with kinetic studies of oxidative folding. Of particular interest will be assessment of the consistency between these findings and yields of chain combination, i.e. whether mutations that impair folding of proinsulin would also impair chain combination and vice versa. Parallel findings would suggest that, despite differences in reaction conditions and chain topology, folding of proinsulin and chain combination employ analogous kinetic mechanisms (5, 6, 49) . In particular, despite the branched disulfide pathway of proinsulin (Ref. 5; Fig. 8A ), we propose that a similar SFN forms in each arm to nucleate formation of the A20 -B19 disulfide bridge. The yield of either reaction is limited in vitro by competition between protein folding and aberrant protein aggregation (48) . Such aggregation is presumably circumvented in vivo by chaperones (including disulfide isomerase) and sequestration of the folded state in zinc-stabilized hexamers (53) . How proinsulin folds and misfolds may contribute to the pathogenesis of type II diabetes mellitus; imbalance between chaperone-mediated protein folding and aggregation in the ␤ cell is proposed to activate a stress pathway leading to apoptosis and diminished ␤ cell reserve (54, 55) . The robustness of insulin chain combination to drastic changes in the sequence and structure of the N-terminal A chain segment suggests asymmetric encoding of folding information in the A domain of proinsulin. Analogous studies to define essential and inessential residues in the B chain are in progress. Together, such studies promise to delineate distinct determinants of foldability, stability, and function.
